1. Introduction {#sec1}
===============

Among the various stimuli for responsive polymer-based devices, light possesses several advantages: it is directional, tunable in terms of energy, and it can be turned on and off rapidly.^[@ref1]−[@ref3]^ Azobenzene, which undergoes reversible trans-to-cis photoisomerization, is commonly used for such applications. The trans-to-cis isomerization requires UV light irradiation. The cis-to-trans back-conversion occurs upon irradiation with visible light and also by thermal relaxation in the dark.^[@ref4],[@ref5]^ The thermal cis-to-trans relaxation of azobenzene is very slow. It takes several hours for completion. Disubstituted azobenzenes, such as 4-*N*,*N*-dimethylamino-4′-nitro-azobenzene, undergo thermal cis-to-trans isomerization much faster, with relaxation times on the order 10--100 μs.^[@ref6],[@ref7]^ The fast response results from the "push--pull" electronic distribution imposed by the electron donor and the electron-withdrawing substituents linked to the 4 and 4′ positions, respectively. This speed is critical for applications that require real-time information without the use of a second photostimulation to regenerate the trans form, an important thrust in current material science.

Replacement of one phenyl ring of azobenzene with a pyridinium ring has a similar effect on the π-electron distribution of azo chromophores, as exemplified by azopyridinium methyl iodide for which the cis-to-trans thermal relaxation time is on the order of 10--100 μs.^[@ref6]^ The pyridine ring nitrogen is a powerful H-bond acceptor,^[@ref8]^ a property employed extensively in the construction of supermolecular assemblies, such as liquid crystals,^[@ref9]−[@ref11]^ metal--organic frameworks,^[@ref12],[@ref13]^ fibers,^[@ref14]^ films,^[@ref15],[@ref16]^ and gels.^[@ref17]−[@ref19]^ It turns out that binding of the AzPy nitrogen to common H-bond donors, such as phenols, accelerates the cis-to-trans thermal relaxation rate of neutral AzPy because of the redistribution of the AzPy π-electron imposed by the H-bond formation. This effect was exploited recently by Gelebart et al. who succeeded in generating continuous, macroscopic mechanical waves by continuous irradiation of films containing AzPy H-bonded to benzoic acid moieties.^[@ref16]^

In spite of such spectacular achievements, the design of simple, easily controllable, and fast-relaxing azo systems remains challenging, particularly in the case of water-borne polymeric materials.^[@ref20],[@ref21]^ Amphiphilic copolymers containing AzPy have been reported and evaluated in solutions, microparticles, and nanoparticles in suspensions or as hydrogels.^[@ref19],[@ref22]^ For instance, Zhang et al. reported that AzPy-containing poly(*N*-isopropylacrylamide) (PNIPAM) block copolymers in water form giant vesicles, which undergo photocontrolled swelling and shrinking.^[@ref17]−[@ref19]^ Supramolecular hydrogels formed by coassembly of phenylalanine-based amphiphiles and AzPy moieties were shown to undergo macroscopic gel--sol transition in response to light and also through changes in temperature, or pH.^[@ref24]^ The dynamics of the thermal cis--trans relaxation were not assessed in these studies.

We report here the preparation of amphiphilic PNIPAM bearing an AzPy moiety on one chain end and an *n*-dodecyl group on the other end, as simple models to evaluate the dynamics of neutral and charged AzPy in aqueous environments. A series of polymers (C12-PN-AzPy) of well-defined molar mass were synthesized by reversible addition--fragmentation chain-transfer (RAFT) polymerization using a chain-transfer agent bearing AzPy and *n*-dodecyl groups ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Light-scattering (LS) measurements, ^1^H NMR spectroscopy diffusion, and fluorescence probe studies indicate that the polymers self-assemble in neutral water to form colloidally stable nanoparticles. The photophysical properties of the colloidal dispersions were monitored as a function of the dispersion pH. Transient absorption spectroscopy measurements indicated that the cis-to-trans thermal relaxation of AzPy is sluggish in alkaline dispersions of C12-PN-AzPy but extremely fast in acidic and, unexpectedly, in neutral dispersions of the polymer. The fast dynamics of the cis-to-trans dark relaxation exhibited by neutral C12-PN-AzPy suggest that the AzPy end groups form H-bonds with the amide hydrogens of the PNIPAM repeat units in neutral conditions. This hypothesis was confirmed by several control measurements. It led us to conclude that C12-PN-AzPy chains do not form typical core--shell flower micelles but adopt a more complex morphology that varies depending on the solution pH. This result is of interest in the context of polymer self-assembly and also from the practical view point as an entry to fast responsive light-driven systems.

![Synthetic Pathways to α-Azobenzene-, α-Azopyridine-, and α-Ethyl-azopyridinium-ω-*n*-dodecyl-PNIPAMs](ma-2019-00193m_0007){#sch1}

2. Experimental Section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

*N*-Isopropylacrylamide was purchased from Sigma-Aldrich and recrystallized using hexane. The initiator 4,4′-azobis(4-cyanovaleric acid) (ACPA, 97%) was purchased from Sigma-Aldrich and recrystallized using methanol. The RAFT agent *S*′-1-dodecyl-*S*′-(α,α′-dimethyl-α″-acetic acid) trithiocarbonate (CTA-1) was synthesized as described earlier.^[@ref25]^ 2-(4-(Pyridin-4-yldiazenyl)phenoxy)ethan-1-ol (HO-C~2~-AzPy) and 2-(4-(phenyldiazenyl)phenoxy)ethan-1-ol (HO-C~2~-Azo) were synthesized by known procedures.^[@ref10],[@ref26]^ All other reagents were obtained from Sigma-Aldrich and were used as received.

2.2. Synthesis of RAFT Agents CTA-AzPy and CTA-Azo (See [Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf)) {#sec2.2}
----------------------------------------------------------------------------------------------------------------------------------------------------------------

### 2.2.1. 2-(4-(Pyridin-4-yldiazenyl)phenoxy)ethyl 2-(((dodecylthio)carbonothioyl)thio)-2-methylpropanoate (CTA-AzPy) {#sec2.2.1}

A solution of dicyclohexylcarbodiimide (DCC, 0.66 g, 3.2 mmol) in CH~2~Cl~2~ (10 mL) was added dropwise to a solution of 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (CTA-1, 1.0 g, 2.8 mmol) and HO-C~2~-AzPy (0.68 g, 2.8 mmol) in CH~2~Cl~2~ (20 mL) kept in an ice/water bath. After 12 h at rt, the solid was removed by filtration, and the solvent was stripped off by evaporation. The solid residue was purified by chromatography over a silica column eluted with hexane/ethyl acetate (4/1, v/v) as the eluent. A yellow solid (1.2 g, yield 72%) was obtained. ^1^H NMR (CDCl~3~): δ 8.79 (d, *J* = 8.0 Hz, 2H), δ 7.96 (d, *J* = 8.0 Hz, 2H), δ 7.68 (d, *J* = 8.0 Hz, 2H), δ 7.03 (d, *J* = 8.0 Hz, 2H), δ 4.51 (t, *J* = 4.0 Hz, 2H), δ 4.27 (t, *J* = 4.0 Hz, 2H), δ 3.14 (t, *J* = 8.0 Hz, 2H), δ 1.71 (s, 6H), δ 1.58 (m, 2H), δ 1.22 (br, 20H), δ 0.88 (t, *J* = 6.5 Hz, 3 H) ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf)). The ^13^C NMR and the two-dimensional heteronuclear multiple quantum correlation (2D-HMQC) spectra of CTA-AzPy are shown in [Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf). The mass spectrum is given in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf).

### 2.2.2. 2-(4-(Phenyldiazenyl)phenoxy)ethyl 2-(((dodecylthio)carbonothioyl)thio)-2-methylpropanoate (CTA-Azo) {#sec2.2.2}

A solution of DCC (0.66 g, 3.2 mmol) in CH~2~Cl~2~ (10 mL) was added dropwise to a solution of CTA-1 (1.0 g, 2.8 mmol) and 2-(4-(phenyldiazenyl)phenoxy)ethan-1-ol (HO-C~2~-Azo, 0.67 g, 2.8 mmol) in CH~2~Cl~2~ (20 mL) kept in an ice/water bath. After 12 hours at room temperature (rt), the solid was removed by filtration. The filtrate was evaporated to dryness. The solid residue was purified by chromatography over a silica column eluted with hexane/ethyl acetate (4/1, v/v) as the eluent. An orange solid (1.1 g, yield 65%) was obtained. ^1^H NMR (CDCl~3~): δ 7.93 (m, 4H), δ 7.52 (m, 3H), δ 7.03 (d, *J* = 12.0 Hz, 3H), δ 4.53 (t, *J* = 4.8 Hz, 2H), δ 4.27 (t, *J* = 4.8 Hz, 2H), δ 3.16 (t, *J* = 8.0 Hz, 2H), δ 1.73 (s, 6H), δ 1.60 (m, 2H), δ 1.24 (br, 20H), δ 0.90 (t, *J* = 6.8 Hz, 3 H) ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf)).

2.3. General Procedure for the Synthesis of End-Functionalized PNIPAMs {#sec2.3}
----------------------------------------------------------------------

The polymers were prepared by RAFT polymerization of NIPAM in the presence of either CTA-AzPy or CTA-Azo. The following procedure leading to C12-PN-AzPy 12K is typical. In a 50 mL flask, NIPAM (1.13 g, 10 mmol), CTA-AzPy (0.059 g, 0.1 mmol), and ACPA (0.0056 g, 0.02 mmol) were dissolved in 1,4 dioxane (10 mL). 1,3,5-Trioxane (0.02 g) was added to the solution as an internal reference for ^1^H NMR measurements monitoring the progress of the polymerization. The solution was degassed with nitrogen for 30 min at rt. The flask was placed in a preheated oil bath set at 80 °C and kept at this temperature for 6 h. The polymerization mixture was cooled to rt, and the polymer was purified by three consecutive precipitations into hexane. The sample was further purified by dialysis against water for 3 days and isolated by freeze-drying. See [Figures S5 and S6](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf) for the ^1^H NMR spectra of C12-PN-AzPy and C12-PN-Azo.

2.4. Quaternization of the Azopyridium End Group of AzPy-Terminated PNIPAM {#sec2.4}
--------------------------------------------------------------------------

Iodoethane (0.5 mL, 6.25 mmol) was added to a solution of C12-PN-AzPy 12K (0.45 g) in CH~2~Cl~2~ (10 mL). The reaction mixture was refluxed at 40 °C for 5 days, while monitoring the degree of advancement of the reaction by ^1^H NMR spectroscopy. After completion of the reaction, the solvent was removed by evaporation. The polymer was dissolved in methanol, dialyzed against water for 3 days, and isolated by freeze-drying (0.56 g) as an orange powder. See [Figures S7](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf) for the ^1^H NMR spectra of the region part of C12-PN-AzPy 12K and C12-PN-AzPyC~2~H~5~^+^ 12K.

2.5. Characterization {#sec2.5}
---------------------

### 2.5.1. Instrumentation {#sec2.5.1}

^1^H NMR spectra were recorded on a Bruker AMX-400 (400 MHz) spectrometer. NMR diffusion experiments were performed with a Bruker AVANCE III (500 MHz) at 10 °C. Molecular weights and molecular weight distributions were determined with an Agilent 1100 gel permeation chromatography (GPC) system fitted with a TSK-gel R-M column \[particle size 13 μm, exclusion limit 1 × 10^7^ Da for polystyrene in dimethylformamide (DMF)\] and a TSKgel R-3000 column (particle size 7 μm, exclusion limit 1 × 10^5^ Da for polystyrene in DMF) (Tosoh Biosep); DMF containing 0.4 wt % LiBr was used as the eluent and the flow rate was set at 0.5 mL/min; the column temperature was set at 40 °C. Mass spectra were acquired on an Agilent 6224 Accurate-Mass time-of-flight liquid chromatography--mass spectrometry. Fourier transform infrared (FTIR) spectra were recorded on a Nicolet 8700 FTIR spectrometer. Critical aggregation concentration (CAC) values determined by a fluorescence probe were conducted using a Varian fluorimeter (Agilent Technologies).

### 2.5.2. Determination of the Polymer Molar Mass from UV--Vis Absorption Data {#sec2.5.2}

The molecular weight was determined according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}where *w* is the weight of the polymer in the solution (in grams) and *c*~CTA~ is the amount of RAFT agent residues (end groups of the polymer) in solution (in mol), determined experimentally by application of Beer's law. Gaussian functions were used to separate the overlapping absorbances of the trithiocarbonate, azopyridine, or azobenzene chromophores (fitting from 270 to 450 nm). The molar extinction coefficients of the trithiocarbonate, the azopyridine and the azobenzene chromophores in methanol are ε~310nm~ = 20 400 L mol^--1^ cm^--1^, ε~355nm~ = 24 700 L mol^--1^ cm^--1^, and ε~351nm~ = 18 700 L mol^--1^ cm^--1^, respectively.

### 2.5.3. Solution Preparation {#sec2.5.3}

For LS experiments, polymer solutions were prepared by dissolution in water of a suitable weighed amount of polymer. Solutions were refrigerated (∼5 °C) for at least 24 h before analysis to ensure complete polymer dissolution. For the pH-dependent tests, the solution pH was adjusted by dropwise addition of 0.1 M NaOH or 0.1 M HCl to neutral polymer solutions. Solutions were refrigerated at least 24 h before testing.

### 2.5.4. Critical Aggregation Concentration (CAC) of Polymeric Micelles {#sec2.5.4}

The CAC of the modified PNIPAM samples was determined with Nile red (NR) as the fluorescence probe. Solutions for analysis were prepared as follows. A drop of a concentrated NR solution in ethanol was placed in a vial and the solvent was evaporated with a flow of nitrogen. Aqueous polymer solutions ranging in concentration from 0.001 to 5.0 mg/mL were prepared by dilution with water of a polymer stock solution (5.0 mg/mL). The solutions were placed in the vials containing NR and refrigerated for at least 24 h before measurement. The excitation wavelength was set at 520 nm, and both the excitation and emission slits were set at 5 nm. The CAC values were determined by two methods for accuracy, one is the inflection point of plots of the fluorescence maximum wavelength versus the logarithm of the polymer concentration and another one is the onset of the increase of the fluorescence intensity at 630 nm versus the logarithm of the polymer concentration.

### 2.5.5. Light-Scattering Measurements {#sec2.5.5}

Dynamic light-scattering (DLS) and static light-scattering (SLS) studies were carried out with a light-scattering (LS) system equipped with a CGS-3 goniometer (ALV GmbH) fitted with an ALV/LSE-5003 multiple correlator (ALV GmbH) and a C25P temperature controller (Thermo Haake). The light source was a He--Ne laser (632 nm). Polymer solutions in water were refrigerated overnight and filtered through a 0.2 μm Millex Millipore PVDF filter prior to analysis.

In SLS experiments, the scattering intensity was measured at several angles from 30 to 150° against a toluene standard. The time-averaged excess scattered intensity at angle θ, also known as the Rayleigh ratio *R*~vv~(*q*), was related to the weight-averaged molar mass *M*~w~, the *Z*-averaged root-mean-square radius *R*~g~, the second virial coefficient *A*~2~, and the scattering vector (*q*), where *K* = 4π^2^*n*^2^(d*n*/d*c*)^2^/(*N*~A~λ~0~^4^) and *q* = (4π*n*/λ~0~)sin(θ/2), with *N*~A~, *n*, (d*n*/d*c*), and λ~0~ being Avogadro's constant, the refractive index of the solvent, the specific refractive index increment of the solution, and the wavelength of light in vacuum, respectively. The d*n*/d*c* value of PNIPAM in water was assumed to be independent of temperature and equal to 0.167 mL/g.^[@ref28]^ The partial Zimm plot and the aggregation number *N*~agg~ for aggregates were obtained from [eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and [3](#eq3){ref-type="disp-formula"}

For DLS, the *g*^2^(*q*,*t*) autocorrelation functions from DLS analysis for each angle were analyzed by the CONTIN algorithm to determine the relaxation time, Γ. The Γ values at each angle were plotted against the square of the scattering wave vector (*q*), and the diffusion coefficient (*D*) was calculated from *D* = (Γ/*q*^2^)~*q*→0~. The hydrodynamic radius (*R*~h~) is given by the Stokes--Einstein equation, *R*~h~ = *k*~B~*T*/(6πη*D*), where *k*~B~ is the Boltzmann constant, *T* is the absolute temperature, and η is the solvent viscosity.

### 2.5.6. NMR Diffusion Measurements {#sec2.5.6}

Diffusion experiments were carried out with a Bruker AVANCE 500 NMR spectrometer operating at the amplitude *g* of the pulsed field gradients stepped up linearly from 15 to 300 G cm^--1^ in 16 steps using a stimulated echo sequence with gradient pulses of a length of δ = 2 ms. The total diffusion time was Δ = 100 ms.

Polymer diffusion coefficients (*D*) were obtained by fitting to a Gaussian decay, see [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}where *S* and *S*~0~ are the integral intensities with and without gradient, which were calculated from the resonance of the −CH~3~ protons (δ: 0.621--1.153 ppm); γ is the magnetogyric ratio (4.258 × 10^3^ Hz/G in this case), and *g* is the amplitude of the magnetic field gradient (17.8125 G cm^--1^/step in this case). The operating temperature was 10 °C. All polymer solutions (1.0 mg/mL in D~2~O) were refrigerated for at least 24 h prior to measurements.

### 2.5.7. Irradiation Experiments {#sec2.5.7}

Photoisomerization tests were carried out with a Prizmatix light-emitting diode (LED) light source emitting at a wavelength of 365 nm (50 mW). The photoisomerization measurements were conducted at 15 °C for all samples. A polymer solution (2 mL) was placed in a 10 mm cuvette and irradiated. Absorbance spectra of the sample were measured as a function of irradiation time.

### 2.5.8. Thermal Relaxation Kinetics {#sec2.5.8}

The relaxation of azopyridine group under neutral conditions was determined with a UV--vis spectrometer (LAMBDA 750, PerkinElmer) at rt. A 365 nm LED--UV lamp holder was placed above the solution kept in the dark prior to irradiation. The changes with time of the absorbance intensity at 355 nm were recorded upon UV irradiation until the initial intensity value was recovered. The time interval between each measurement was set at 0.2 s. The relaxation kinetics were fitted with the stretched exponential function defined in [eqs [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} and [6](#eq6){ref-type="disp-formula"}([@ref16])where *k* is the fitting constant; β the stretched exponential parameter; τ the half-life of *cis*-azopyridine; and *A*~0~, *A*(*t*), and *A*~∞~ are the absorbances at 355 nm before UV irradiation, after UV irradiation at time *t*, and in the photostationary state, respectively.

### 2.5.9. Transient Absorption Measurements {#sec2.5.9}

The relaxation rate of the *N*-ethyl *cis*-azopyridinium moiety in C12-PN-AzPyC~2~H~5~^+^ (12K) was measured at rt with a laser flash photolysis system (LP 920, Edinburgh Instruments). The laser wavelength was 355 nm. The pulse time was 10 ns with an energy of 10 mJ/pulse. The detection wavelength was 365 nm. The data were fit with the exponential function defined in [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}where ΔOD~0~ is the initial optical density, τ is the relaxation time, and ΔOD is the time-dependent optical density.

### 2.5.10. Transmission Electron Microscopy Measurements {#sec2.5.10}

Transmission electron microscopy (TEM) images were recorded with a Tecnai G2 F20 at 200 kV (FEI, USA), equipped with a 4k charge-coupled device camera. An aqueous solution of C12-PN-AzPy 20K (0.5 mg mL^--1^) was kept at 5 °C for at least 24 h. One drop of the cold solution was deposited on a carbon-coated copper grid placed on a filter paper. The prepared TEM grid was dried at rt under vacuum before measurement.

3. Results and Discussion {#sec3}
=========================

3.1. Synthesis and Characterization of End-Modified PNIPAM Derivatives {#sec3.1}
----------------------------------------------------------------------

The polymers were prepared by RAFT polymerization of NIPAM in dioxane using the chain-transfer agents CTA-AzPy or CTA-Azo, the latter CTA leading to azobenzene-modified PNIPAM used in control experiments described below ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The structure of the two CTAs was confirmed by their ^1^H NMR, ^13^C NMR, and 2D-HMQC NMR spectra, shown in [Figures S1--S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf) and their purity was ascertained by high-resolution mass spectrometry ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf)). By changing the NIPAM to CTA-AzPy molar ratio in the polymerization mixture, we obtained five samples of C12-PN-AzPy ranging in molar mass from 5000 to 20 000 g/mol. The successful incorporation of the hydrophobic C12 group on one end of the polymer chains and of the AzPy group on the other was confirmed by the ^1^H NMR and UV--vis absorption spectra of the polymers. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a presents the ^1^H NMR spectrum of C12-PN-AzPy-12K in CDCl~3~. It features a triplet at 0.88 ppm, ascribed to the resonance of the terminal methyl protons of the dodecyl chain and signals in the aromatic spectral region ascribed to the azopyridine protons: signals a and b are attributed to the protons of the pyridine ring while the signals c and d correspond to the protons of the aromatic ring connected to the polymer by an ether bond. The presence of the trithiocarbonate function on the ω-end of the polymer is confirmed by the polymer UV--vis absorption spectrum, which features a band centered at 310 nm, attributed to the trithiocarbonate, in addition to a band at 355 nm ascribed to the AzPy chromophore linked at the α-end ([Figure S9b](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf)). The azopyridine group was quaternized by reaction of C12-PN-AzPy with ethyl iodide. The structure of the resulting polymer, C12-PN-AzPyC~2~H~5~^+^, was confirmed by its ^1^H NMR spectrum, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. The aromatic signals of the spectrum of C12-PN-AzPy underwent a downfield shift upon quaternization of the pyridine ring, as expected in view of the strong electron-withdrawing effect of the pyridinium ring.^[@ref30]^ Signals characteristic of the azopyridine protons cannot be detected in the spectrum of the quaternized compound, a good indication that the quaternization went to near completion.

![^1^H NMR spectra and spectral assignments of (a), C12-PN-AzPy 12K, and (b) C12-PN-AzPyC~2~H~5~^+^ 12K. (The residual solvent CDCl~3~ singlet is marked with \*.)](ma-2019-00193m_0001){#fig1}

The molar mass (*M*~n~) of the polymers was determined by GPC with multiangle LS detection. The polydispersity index of the polymers also obtained from the GPC data ranges between 1.03 and 1.25 and the degree of polymerization (DP) varies from 32 to 162. The molar mass values determined from the ratio of the area of the PNIPAM methine (−C***H***) resonance in their ^1^H NMR spectrum to that of the signal attributed to the resonance of H~a~ on the azopyridine group, using *M*~n NMR~ = (2 × *I*~--CH~/*I*~H~a~~) × 113.2 + *M*~CTA-AzPy~, as well as the UV--vis absorption-derived *M*~n~ values (see [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf) in the case of C12-PN-AzPy, 12K) agree well with the GPC-derived values ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

###### Molar Mass and Polydispersity Index of the Polymers Prepared

                               *M*~n~ (g/mol)                           
  ---------------------------- ---------------- -------- -------- ----- ------
  C12-PN-AzPy 5K               5500             5800     4200     32    1.25
  C12-PN-AzPy 7K               7700             7800     7900     60    1.03
  C12-PN-AzPy 12K              12 400           12 900   10 700   110   1.09
  C12-PN-AzPyC~2~H~2~^+^ 12K                    12 900   10 700   110   1.09
  C12-PN-AzPy 20K              19 500           19 700   19 000   162   1.03
  C12-PN-Azo 12K               12 600           13 600   12 500   115   1.23

DP from the NMR spectra of polymer solutions in CDCl~3~.

Determined by GPC.

3.2. Solution Properties of the Polymers in Water (10 °C) {#sec3.2}
---------------------------------------------------------

LS is a powerful technique to characterize the size and structure of self-assembled amphiphilic PNIPAMs.^[@ref31],[@ref32]^ DLS gives information on the hydrodynamic radius (*R*~h~) and SLS provides the radius of gyration (*R*~g~) as well as the average molecular weight (*M*~w.micelle~) and aggregation number (*N*~agg~) of the micelles.^[@ref33],[@ref34]^ DLS and SLS analyses of C12-PN-AzPy solutions at 10 °C revealed the presence of nanoparticles. Their size and aggregation characteristics are listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Characteristics of the C12-PN-AzPy Nanoparticles in Water (10 °C,[d](#t2fn4){ref-type="table-fn"} 10 mg/mL)

  sample name                  CAC (g/L)[a](#t2fn1){ref-type="table-fn"}   *N*~agg~[b](#t2fn2){ref-type="table-fn"}   *R*~g~ (nm)[b](#t2fn2){ref-type="table-fn"}   *R*~h~ (nm)[b](#t2fn2){ref-type="table-fn"}   *R*~h~ (nm)[c](#t2fn3){ref-type="table-fn"}   *R*~g~/*R*~h~
  ---------------------------- ------------------------------------------- ------------------------------------------ --------------------------------------------- --------------------------------------------- --------------------------------------------- ---------------
  C12-PN-AzPy 5K               0.002--0.008                                19[e](#t2fn5){ref-type="table-fn"}         9.2[e](#t2fn5){ref-type="table-fn"}           6.3[e](#t2fn5){ref-type="table-fn"}           5.9                                           1.46
  C12-PN-AzPy 7K               0.003--0.006                                18[e](#t2fn5){ref-type="table-fn"}         10.2[e](#t2fn5){ref-type="table-fn"}          7.4[e](#t2fn5){ref-type="table-fn"}           7.9                                           1.37
  Cl2-PN-AzPy 12K              0.025--0.032                                15                                         15.6                                          10.5                                          8.0                                           1.48
  C12-PN-AzPyC~2~H~5~^+^ 12K   0.037--0.043                                13                                         20.0                                          14.0                                          8.6                                           1.43
  C12-PN-AzPy 20K              0.039--0.035                                10                                         14.6                                          10.5                                          10.9                                          1.39
  C12-PN-Azo 12K               0.008--0.010                                19                                         13.5                                          8.2                                                                                         1.64

Determined from the inflection points of plots of the maximum NR emission wavelength and of the fluorescence emission intensity at 630 nm versus polymer concentration.

Determined by DLS.

Determined by NMR diffusion experiments.

This temperature is below the cloud point of all solutions, as described in a forthcoming article.

Some large aggregates in suspension were removed by filtration prior to measurements.

The *R*~h~ and *R*~g~ values of the nanoparticles increase with increasing polymer molar mass, in agreement with related previous studies.^[@ref32],[@ref35]^ The aggregation number (*N*~agg~) of the nanoparticles, obtained from LS and NMR diffusion experiments (see [Figures S10 and S11](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf)), decreases with increasing molar mass of the polymers. The structure parameter, ρ = *R*~g~/*R*~h~, which reflects the mass distribution of the scattering object, is useful to assess the morphology of self-assembled nanoparticles.^[@ref28],[@ref34]^ The *R*~g~/*R*~h~ values of all C12-PN-AzPy nanoparticles in water (10 °C) range from 1.37 to 1.48, a range of values characteristic of random coils and of core/shell particles with a solvated shell. TEM images of dried C12-PN-AzPy suspensions provide further support to the size of the micelles and the formation of core/shell assemblies ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d). The higher contrast of the particle core, visualized by high-resolution TEM, suggests that the core contains closely packed hydrophobic end groups ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). The critical aggregation concentration (CAC) of the C12-PN-AzPy samples was evaluated by fluorescence spectroscopy using NR. This probe was selected as its absorption window (λ~max~ = 520 nm) does not overlap with the absorption spectra of the AzPy and trithiocarbonate chromophores (see [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf)).^[@ref35],[@ref36]^ The emission of NR is affected by the polarity of the probe environment: as the polarity of the environment decreases, the excitation and emission spectra of NR shift to shorter wavelengths and the emission intensity increases^[@ref37],[@ref38]^ as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a in the case of C12-PN-AzPy 12K. [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and [S12](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf) present the experimental data used to determine the CAC of this polymer in water from the changes with polymer concentration of the NR emission intensity and emission wavelength, respectively. The CAC values of the C12-PN-AzPy samples increase by a factor of 10 with increasing polymer molar mass, within the 5--20 kg/mol molar mass range sampled here ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), in agreement with related studies.^[@ref32]^

![(a) Fluorescence spectra of NR in C12-PN-AzPy 12K aqueous solutions of increasing polymer concentration (λ~ex~ = 530 nm; slits: 5 nm; temperature, 10 °C). (b). Plot of the NR fluorescence emission intensity at 630 nm as a function of C12-PN-AzPy 12K concentration. (c) TEM images and (d) high-resolution electron TEM images of C12-PN-AzPy 20K 0.5 mg/mL.](ma-2019-00193m_0002){#fig2}

[Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} also presents the size of nanoparticles obtained for C12-PN-AzPyC~2~H~5~^+^ 12K. Both *R*~g~ and *R*~h~ are significantly larger than the corresponding neutral polymer nanoparticles, but their ratio is not affected, implying that the overall core--shell morphology of the particles is preserved. The *N*~agg~ of the C12-PN-AzPyC~2~H~5~^+^ 12K micelles decreases slightly, compared to C12-PN-AzPy 12K.

3.3. pH-Dependent Photophysical Properties of C12-PN-AzPy Nanoparticles in Water (15 °C) {#sec3.3}
----------------------------------------------------------------------------------------

### 3.3.1. UV--Vis Absorption Spectrum of Aqueous C12-PN-AzPy 7K Solutions (0.1 mg/mL, pH 3, 7, 10.) {#sec3.3.1}

As the p*K*~a~ of AzPy is ∼4.53,^[@ref39]^ spectra recorded for solutions of pH 7 and 10 correspond to the chromophore in its neutral form, whereas the spectrum measured at pH 3 is characteristic of the azopyridinium-protonated form ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a).^[@ref40],[@ref41]^ The UV spectra of solutions of C12-PN-AzPy 7K of pH 7 and 10 present a band at 354 nm, characteristic of the π--π\* transition of the *trans*-azopyridine group. This band undergoes a red shift from 354 to 385 nm upon protonation of the pyridine group at pH 3. The red shift results from the strong push--pull electronic redistribution from the oxygen atom of the alkoxy substituent to the positively charged nitrogen atom of the azopyridium group. Similarly, the UV--vis spectra of aqueous C12-PN-AzPyC~2~H~5~^+^ solutions, presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, have a band at 390 nm, independently of the solution pH, as expected because the *N*-ethyl-pyridinium group is not pH responsive.^[@ref6],[@ref42]^ The UV--vis spectra of all samples ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) have an additional band centered at 310 nm attributed to the π--π\* transition of the thiocarbonyl group linked to the ω-chain end.^[@ref41]^ It will not be included in the following discussions as the thiocarbonyl chromophore is inert at all pH values under the irradiation conditions used here. We confirmed by ^1^H NMR spectroscopy that the ester that links the azopyridine group to the polymer main chain is not hydrolyzed when the polymers are kept at pH 3 or 10 for up to 5 days at rt and ∼1 day when heated to 70 °C ([Figures S13 and S14](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf).).

![UV--vis spectra of (a) C12-PN-AzPy 7K (0.1 mg/mL) and (b) C12-PN-AzPyC~2~H~5~^+^ (0.2 mg/mL) under different pH values (temperature 15 °C).](ma-2019-00193m_0003){#fig3}

### 3.3.2. Photoisomerization of C12-PN-AzPy 7K {#sec3.3.2}

Aqueous solutions of C12-PN-AzPy 7K in water (pH 3, 7, and 10) were irradiated at 365 nm for 60 s and monitored by UV--vis absorption spectroscopy ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). The UV--vis absorption spectrum of the polymer solution at pH 3 does not change throughout the irradiation time. Transient absorption measurements indicate that the relaxation rate is extremely fast (τ = 2.3 ms, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} pH = 3, inset) so that the absorption spectrum of the cis-isomer cannot be detected by steady-state absorption measurements. Similarly, transient absorption data recorded with the quaternized sample C12-PN-AzPyC~2~H~5~^+^ yielded a half-lifetime value of 2.1 ms for the cis-isomer ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf)). These data are in full agreement with the known characteristics of the cis-to-trans isomerization of quaternized azopyridine.^[@ref6]^ A schematic representation of a C12-PN-AzPyH^+^ micelle is drawn in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} (left). The micelle contains a hydrophobic core formed by closely packed *n*-dodecyl chains surrounded by a shell of hydrated PNIPAM chains. The AzPyH^+^ moieties are expected to be located near the water/micelle interface in view of their amphiphilicity.

![(a) UV--vis absorption spectra of C12-PN-AzPy 7K aqueous solutions (0.1 mg/mL, pH = 3.0, 7.0, 10.0) upon irradiation at 365 nm (LED--UV lamp, 50 mW/cm^2^, temperature: 15 °C) and (b) transient absorption monitored at 355 nm of the same samples irradiated for 2 s at 365 nm.](ma-2019-00193m_0004){#fig4}

![Schematic Representation of C12-PN-AzPy Nanoparticles Dispersed in Water of pH 3, 7, and 10 Based on Data from LS, FTIR, and ^1^H NMR Measurements and on the Kinetics of the cis-to-trans Thermal Relaxation of Azopyridine](ma-2019-00193m_0008){#sch2}

The UV--vis absorption spectrum of the C12-PN-AzPy 7K solution at pH 7, where the azopyridine is in its neutral form, does not change, even after extended irradiation times (up to 300 s). Transient measurements indicate that the thermal cis-to-trans relaxation half-life is ∼0.96 s ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, pH = 7, inset) (stretched exponential function, [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}, [Experimental Section](#sec2){ref-type="other"}). On the basis of previous studies of neutral AzPy, the fast back-relaxation is an indication that the AzPy nitrogen forms H-bonds with available H-donors. Within the C12-PN-AzPy nanoparticle environment, the abundant amide groups of the PNIPAM chains can readily form H-bonds with the azopyridine nitrogen. To test this hypothesis, we measured the ^1^H NMR spectrum of a physical mixture of PNIPAM homopolymer and CTA-AzPy (5 mol %) in CDCl~3~ prepared by evaporation of a solution of PNIPAM and CTA-AzPy in tetrahydrofuran and subsequent dilution in CDCl~3~.^[@ref44]^ The signals of the aromatic protons of the azopyridine groups exhibit downshifts in the presence of PNIPAM, from 8.77 to 8.84 ppm for proton a and from 7.68 to 7.93 ppm for proton b ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). The observed shifts are indicative of the delocalization of the π electrons of the azopyridine group. Moreover, the aromatic signals are broader in the spectrum of the mixed solution, compared to the original CTA spectrum ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The broadening of the NMR signals indicates a decrease of the CTA mobility, which is consistent with the coupling of the azopyridine to the PNIPAM chain via hydrogen bonding.^[@ref45]^

![^1^H NMR spectra of (a) CTA-AzPy and (b) a supermolecular complex of PNIPAM and CTA-AzPy with solvent CDCl~3~.](ma-2019-00193m_0005){#fig5}

We measured the FTIR spectrum of an intimate solid mixture of PNIPAM and CTA to gain further evidence of the occurrence of H-bonds between the CTA and the PNIPAM amides. The bands ascribed to N--H vibrations in the FTIR spectrum of the mixture ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) were fitted to the sum of three bands: a band at 3455 cm^--1^ attributed to the stretching vibration of free N--H bonds, a band around 3286 cm^--1^, indicative of the presence of hydrogen-bonded N--H bonds, and a band at 3294 cm^--1^. The bands at 3455 and ∼3300 cm^--1^ are also observed in the spectrum of PNIPAM. We attribute the additional band at 3294 cm^--1^ to the stretching vibration of N--H hydrogen-bonded to the azopyridine nitrogen ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b).^[@ref46]−[@ref48]^

![(a) FTIR spectra of PNIPAM (bottom black curve); CTA-AzPy (middle, blue trace) and a mixture of PNIPAM and CTA-AzPy (top, red trace); (b) fitting of the N--H stretching frequency region of the FTIR spectra of PNIPAM homopolymer and the PNIPAM/CTA mixture.](ma-2019-00193m_0006){#fig6}

The morphology of a C12-PN-AzPy 7K micelle in neutral aqueous solutions ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}, middle) consists of an *n*-dodecyl core surrounded by AzPy groups confined in a restricted environment through H-bonds to PNIPAM chains, possibly close to the core in view of their hydrophobicity and the limited hydration of the PNIPAM chains confined close to the core.^[@ref42],[@ref50],[@ref51]^

The UV--vis absorption spectrum of C12-PN-AzPy 7K in a pH 10 aqueous environment undergoes significant changes upon irradiation of the sample: the band at 350 nm attributed to the π--π\* transition decreases rapidly, whereas the band at 430 nm attributed to n−π\* transition grows in. The thermal cis-to-trans isomerization takes over 2 h ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, pH = 10), which is typical of neutral azopyridine in which the nitrogen electronic doublet is retained. Indeed, the electron-rich azopyridine nitrogen is unlikely to form hydrogen bonds with hydroxyl anions known to be a strong H-bond acceptor^[@ref52],[@ref53]^ and can interact with the amide hydrogen of the PNIPAM repeat unit. We measured the cis-to-trans thermal relaxation time of C12-PN-Azo nanoparticles in water of pH 10. This polymer is a good model of C12-PN-AzPy in terms of self-assembly characteristics, but the azobenzene end group is unable to form H-bonds. Its relaxation time in water is similar to that of C12-PN-AzPy in an alkaline environment ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf)).

These photophysical properties, together with the LS results described above, lead us to conclude that C12-PN-AzPy micelles in an pH 10 medium also adopt a core--shell morphology. The precise morphology of the micelles cannot be ascertained from the data obtained so far. Further characterization by SANS or SAXS is needed to determine if the AzPy groups cluster within the micelle core or clustered in the vicinity of the core, as shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} (right).

4. Conclusions {#sec4}
==============

When an amphiphilic copolymer is placed in contact with water, the hydrophobic moieties try to minimize contact with water and self-assemble. The segregation of the hydrophobic and hydrophilic components can be mitigated by attractive interactions between the two components through dipole--dipole interactions or hydrogen bonds. The balance of the opposite effects determines the morphology of the copolymer micelles. Routine physicochemical micelle characterization methods often fail to detect intercomponent complexation. The phenomenon can reveal itself through the emergence of unique macroscopic properties, as reported recently in a study of poly-lactide-*b*-poly(-2-isopropyl-2-oxazoline) micelles in water.^[@ref54]^ In the course of this study of azopyridine-end-modified PNIPAM dispersed in neutral aqueous media, we recorded an exceptionally fast cis-to-trans thermal relaxation of the chromophore attributed to the formation of H-bonds between AzPy and PNIPAM chains. The "flower micelle" morphology typical of α,ω-hydrophobically modified PNIPAMs cannot account for this observation. We postulate a micelle morphology consisting of a core of segregated hydrophobes linked to one chain end. The other types of hydrophobes are distributed throughout the micelle PNIPAM shell. Their location within the shell depends on the pH of the aqueous environment. This unique morphology is responsible for the fast photoresponse of the chromophore and its sensitivity to the environment pH.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.macromol.9b00193](http://pubs.acs.org/doi/abs/10.1021/acs.macromol.9b00193).Synthesis and characterization of RAFT agents and end functional PNIPAMs as well as the characterization of the self-assembly structure, hydrolysis tests, and UV-responsive properties of end-functionalized PNIPAMs ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00193/suppl_file/ma9b00193_si_001.pdf))
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